Seiler, C. J. 2008. Root growth of interspecific sunflower seedlings derived from wild perennial sunflower species. Can. J. Plant Sci. 88: 705 712. Earl y root and livpocotvl growth and root branching patterns were characterized for five genetically diverse interspecific sunflower hybrids derived from wild perennial Helia,itlurs species and two cultivated hybrids. Seedlings were grown in pol y ethylene pouches at 25 C in the dark for 10 cl. The hybrid and days after sowing (DAS) were sources of variation for primary and lateral root length, number of lateral roots, root branching density, root fresh weight, and hypocotyl length and fresh weight. There were high positive correlations among root growth characteristics that should be helpful in selecting sunflower hybrids adapted to arid conditions. The wild interspecific sunflower h y brids derived from wild perennial species possessed less-than-expected variability . in early root growth. Nevertheless, there appears to he adequate genetic variability for further selection and genetic improvement. 
In semiarid and arid environments, surtice soils often dry rapidly after being wetted. Sometimes a plant's need for water can best he met by it rapidly elongating primary root axis, while in other situations many long lateral roots allow the plant to exploit the water in a thin surface la y er of the wetted soil. Root characteristics are reco g nized as a factor in determining the differences in drought resistance among species (Turner 1979) . Differences in rooting depth and root density exist in many crop species. Knowledge of rooting depth and expansion in sunflower (He/lout/w.v anmius) is limited (Jones 1984 : Sadras et al. 1989 : McMichael and Quisenherry 1993 : Aguirrezahel et al. 1994 : Seiler 1994 , 1998 : Aguirrezahel and Tardieu 1996 : Angadi and Entz 2002a .
Sunflower is a drought-tolerant crop having a deep explorative root s y stem with it substantial tap root (Connor and Sadras 1992: Angadi and Fritz 2002a,b) .
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A major limitation to yield in regions where sunflower is grown is the availability of water and differences in the development of the lateral root system may affect the plant's ability to obtain adequate water and nutrients. Therefore, genetic differences in lateral root extensibility could he determined by screening for the abilit y to tolerate drought and for efficient water and nutrient utilization (Quisenberr y and McMichael 1996) . Species or cultivars capable of avoiding stress b y the establishment of it deep root system or restricting water usage under conditions of limited water supply are assumed to he adapted to many semiarid environments (Stafford et al. 1991) .
Although the growth and development of the root system are influenced by the environment, they are also under genetic control. According to McMichael and Quisenbcrry (1993) , a body of evidence indicates that Abbreviations: DAS, days after sowing: I-HR.
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TUB I. 1-leliantluis t i o5e; 'o.ru.v I TUB2. lJe/iauthu.\ tu/, e, 'o.cus 2: TUB3, He/ianil, us tubej'o.v, t 894. h y brid 894: 471 D. semidvv:iri h y brid 4711) diverse genetic backgrounds of plant species are important in determining root systems' growth both between and within species. Genetic diversity in root growth is important for the survival of species in highly variable climates. The species of the genus He//ant/ms occupy diverse habitats throughout their geographic ranges (Rogers et al. 1982) . Knowledge of a particular habitat and adaptations of a species occurring therein can often help identify potential sources of genes for desired traits. An example of this is wild annual species H. paradoxus which occupies marshy saline areas and was suspected to be salt tolerant (Seiler et al. 1981) . Interspecific germplasm developed from this species has been identified with high salt tolerance. withstanding salt concentrations up to an electrical conductivity (EC) = 24.7 dS m ' (Miller and Seiler 2003) , whereas cultivated sunflower generally has salinity tolerance up to 10 dS rn (Francois 1996) . Introgression of wild species genes into crop species to improve crop performance is a well-established practice with important examples dating back more than 60 yr and with pest and disease resistance being the most common goals (llajjar and Hodgkin 2007). There are 37 perennial Helianihu.r species (Seiler and Rieseherg 1997) . Many are adapted to specific environmental conditions and habitats. Utilization of many of these perennial species has the potential to enhance root growth characteristics due to their different adaptive strategies.
An interspecific sunflower hybrid based on wild annual lie//ant has per/a/ar/s was reported to have longer primary roots and more lateral roots at 25°C than does cultivated sunflower (Seiler 1994) . In another study, the number of roots in the top layer of soil decreased as the available water increased in cultivated sunflower, but not in wild annual H. pel/olaris (Sobrado and Turner 1986) . Additionally. H. per/olaris maintained its surface roots, to take advantage of moisture becoming available at the surface, while producing deep roots.
Wild sunflower species with early rapid root growth and proliferation into the surrounding soil would be expected to utilize soil water more completely. In spite of the recognized importance of roots in imparting drought tolerance, a large-scale breeding program emphasizing root traits for drought avoidance has not been conducted, largely because of the lack of a reliable, quick, and cost-effective screening methodology for phenotyping root traits in multiple environments. It is hypothesized that primary and lateral roots of young sunflower seedlings derived from different wild perennial He/iant/iu,s species should grow more rapidly than those of cultivated sunflower due to the diverse genetic backgrounds. However, there is a lack of information oil hybrids based on perennial wild species such as their rate of root elongation relative to cultivated hybrids and the nature of their response to different environmental factors. The objectives of this study were to characterize early primary and lateral root development, hypocotyl growth and interrelationships among these characteristics for selected interspecific hybrids derived from wild perennial species and compared with two cultivated sunflower hybrids. Utilizing interspecific hybrids derived from wild perennial sunflowers has the potential to enhance sunflower root growth characteristics that more efficientl y extract available soil water due to their adaptations to diverse habitats.
MATERIALS AND METHODS
Primary root length and first-order lateral root growth of sunflower seedlings were investigated using a growth Pouch system (McMichael et al. 1987 (Sigco Seeds, Breckenridge, MN) . Normal height hybrid 894, a standard check for sunflower research, and semidwarf hybrid 471D, a reduced-height hybrid for production in drier climates, were also evaluated to serve as the standard for comparison with the interspecific hybrids.
The interspecific hybrids included in the study were previously developed for the improvement of cultivated sunflower (Seiler 1991 (Seiler . 1993 (Schilling 2006) .
Seeds were surface sterilized with 1.3% sodium hypochlorite solution for 10 min, rinsed and placed in a groove in an absorbent paper insert contained within a 17 cm high x 16 cm wide polyethylene growth pouch (Dispo Seed-Pack. Northrup King, Minneapolis. MN). Perforations were cut into the bottom of the narrow groove to allow the roots to grow downward between the paper insert and the wall of the pouch. Two seeds were aligned in the groove of each pouch insert so that the root would grow through the perforations upon germination. A 50-ml aliquot of half-strength Hoagland's solution was added to each pouch to moisten the paper insert prior to planting (Hoagland and Arnon 1950) . The pouches were suspended upright oil constructed racks placed inside a controlled atmosphere chamber without light for the duration of the experiment. The temperature in the chamber was maintained at 25 C during the 10 d of the experiment. A small open container of water in the chamber maintained high humidity and prevented excessive evaporation from the pouches. The pouches were clipped at the top to further reduce evaporation. Each pouch contained two seeds of a single hybrid suspended upright in racks in a dark growth chamber for measurements. Each rack contained all hybrids (seven pouches) arranged at random. There were six replicate racks in the growth chamber which were considered blocks in the randomized complete block design. The study was repeated twice. The pouches were removed from the chamber starting at 4 DAS to measure primary and lateral root lengths and to count the number of lateral roots. Seedlings of all h y brids germinated at the same time and were of the same size. All length measurements of the primary and lateral roots and the hypocotyl were made using an electronic digitizing tablet (Summa Sketch IL®, Summagraphics, Seymour. CT) connected to a computer for data storage and retrieval using Sigma Scan® (Version 3.9 software, Jandel Scientific, San Rafael, CA). Measurements were taken when the primary root of the seedling extended below the perforation in the paper insert at 4 DAS, then at 7 and 10 DAS. Only first-order lateral roots, hereafter referred to as lateral roots, were measured. A lateral root was counted and measured if it was at least 1 mm in length. Branching density was expressed as the number of lateral roots per cm of primary root. Root fresh weight was measured at 10
DAS.
Hypocotyl growth was measured to determine if there is a relationship between hypocotyl growth and root growth such that hypocotyl length could be used as a predictor of root growth characteristics. The hypocotyl section, below the cotyledons and above the root, was measured using the digitizing tablet described above. Hvpocotyl fresh weight was determined at 10 DAS.
Individual seedlings within replications were statistically analyzed to determine if the data from the seedlings could he combined for analyses. The two repetitions of the experiment were analyzed as blocks in a split-plot design. The interrelationships among primary root length, lateral root length, number of lateral roots, branching density. hypocotyl length, and root and hypocotyl fresh weight for each hybrid were examined using Pearson's Product-Moment correlation coefficient. For correlation analysis, data for each interspecific hybrid was combined over dates and repetitions.
RESULTS
The analyses of variance revealed that sunflower hybrids and DAS were sources of variation in primary and lateral root length. number of lateral roots, root branching density, root fresh weight, and hypocotyl length and fresh weight (Table I) . There was no difference in results between the two repetitions of the experiment, among seedlings within replications, or between replications within hybrids, consequently the data were combined for analysis.
Primary root growth began at 4 DAS ( Table 2) . Hybrids with the greatest growth in primary root length had a considerable proportion of that growth occurring during the 4 to 7 DAS period. On all measurement dates, the cultivated semidwarf h y brid 471 D had the longest primary roots, while the interspecific hybrid TUBI had the shortest. By 10 DAS, primary root length did not differ between the cultivated standard height hybrid 894 and the interspecific hybrids except TUBI. As well, the interspecific hybrids TUB.", TUB3, and HIR had primary root lengths similar to that of cultivated semidwarf hybrid 471D.
Lateral roots developed by 7 DAS and grew mostly between 7 and 10 DAS. At 10 DAS, hybrid 471D had the longest average lateral root length and the interspecific hybrid TUBI had the shortest ( Table 2 ). The longest lateral roots among the interspecific hybrids were produced by TUB3 and the standard height cultivated hybrid 894, but were approximately half the length of those of cultivated semidwarf hybrid 471D. The other interspecific hybrids had shorter lateral root lengths than the cultivated hybrids. At 10 DAS. 77% of the total root length was lateral roots.
Total root length (primary plus lateral) at 10 DAS was greatest in cultivated hybrid 471D followed by cultivated hybrid 894 (Table 2) . Except for TUB3. the interspecific hybrids all had shorter total root lengths than did cultivated hybrid 894.
A si g nificant number of lateral roots were added between 7 and 10 DAS ( Table 2 ). The number of lateral roots at 10 DAS was highest in the cLiltivated hybrid In most cases, root fresh weight quadrupled between 4 and 7 DAS. and doubled again between 7 and 10 DAS (Table 2) . Root fresh weight for cultivated h y brids 894 and 4711) was higher than the interspecific hybrids at 4 DAS. By 7 DAS, TUB2 and TUB3 had the highest root fresh weight. but by 10 DAS root flesh weight was highest for TUB3. 471D and 894.
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Hypocotyl growth was initiated before 4 DAS and continued through the study duration in all hybrids (Table 3) . At 10 DAS, hypocotyls were longest for interspecific hybrids HIR. 894. TUB2 and TUB3, shortest for 471D. and intermediate in length for RES and TUB]. 1-lypocotyl fresh weight generally followed a growth pattern similar to hypocotyl length: however, the differences among hybrids were not consistent. At 10 DAS, fresh weight was highest for 894, lowest for RES and TUB3, and intermediate for all others.
Primary root length was positively correlated with both lateral root length and the number of lateral roots in all hybrids (Table 4) . The weakest correlation, though significant in all but HI R and TUB2, was that between primary root length and branching density. Lateral root length, the number of lateral roots and branching densit y were intercorrelated, as expected. Primary and lateral root lengths were positively correlated with hypocotyl length, the number of lateral roots and to a lesser extent branching density.
DISCUSSION
The present research characterized the early root and hypocotyl growth in a number of interspecific sunflower hybrids. Initial germination appeared to he very rapid with the appearance of primary roots comparable to those reported in other drought tolerant crops such as guar (Cvamopsis tetragonoloha) (Stafford and McMichael 1990) , and cotton (Gossvpiurn hir,cutum) (McMichad et at. 1987) . Lateral roots were present by 7 DAS, which is similar to guar and cotton. There was no apparent difference in the timing of appearance of the primary and lateral roots between the wild interspecific hybrids and cultivated hybrids in the present study. This finding is important because wild sunflower species are an important source of genes for agronomically important traits and it implies that using the wild species in sunflower improvement programs will not he detrimental to the development of new hybrids for cool temperate regions where early root growth and development are vital for rapid establishment. In annual interspecific sunflower hybrids, the primary root length at 10 DAS averaged 28% of the total root length (Seiler 1994) , while in perennial interspecific hybrids, it averaged 23%. The low variation in primary root length observed among interspecific hybrids, both of annual and perennial origin, may be due in part to the use of a single female parent in both studies. Sunflower breeding programs currently use only one female parent. which is the PET1 (French) cytoplasm, which makes sunflower an extremely vulnerable crop genetically (Seiler and Rieseberg 1997) .
The linear root growth pattern observed in the current study of sunflower hybrids derived from wild perennial sunflower species is similar to that observed in interspecific hybrids derived from wild annual sunflower species (Seiler 1994 environments it inhabits. This was generally exhibited in the interspecific hybrids in the present study. Primary and lateral root length growth of the sunflower hybrids at 10 DAS was similar to that found for drought-tolerant crops such as cotton and guar (McMichael et al. 1987 Stafford and McMichael 1990) . In the present study of diverse sunflower hybrids, TUB3 had the longest primary roots of the interspecific hybrids, similar to those of cultivated hybrids. This growth may be a survival strategy of the wild perennial species. H. tuhero,sus, from which TUB3 was derived.
Semidwarf cultivated hybrid 471 D produced the longest lateral roots of any hybrid. It commonly grows to 85 cm tall, which is about two-thirds the height of the normal-height cultivated hybrid sunflower 894. Schneiter (1992) observed that early-maturing semidwarf hybrid sunflowers had shallower rooting systems than did taller later-maturing standard height hybrids. Semidwarf and dwarf hybrids, which are reduced in height generally, have shallower rooting depths and root distributions compared with full-stature hybrids (Angadi and Entz 2002a) . Early shallow root growth could provide an adaptive advantage for plant establishment in early-maturing hybrids, enabling them to extract water otherwise lost by evaporation from soil surface layers (Johansen et al. 1994) .
The production of a large number of lateral roots would allow plants to absorb water faster and from a larger area of soil to support rapid growth. It was expected that the wild interspecific hybrids would have higher growth rates due to their diverse origins. However, the perennial interspecific hybrids had fewer lateral roots than did the cultivated hybrids. This difference may be due to the perennial habit of the wild species used to create the interspecific hybrids. The perennial habit emphasizes maintenance of a position in the ecosystem through production of longer primary roots. whereas the annual strategy is to benefit from colonizing new areas through production of more lateral roots.
Cultivated sunflower increases its deep roots at the expense of roots near the surface (Sadras et al. 1989 ).
The wild annual species H. petiolaris maintains its surface roots to take advantage of available moisture. but also produces deep roots (Sobrado and Turner 1986) .
The root branching densit y observed ]it present study was similar to that of annual interspecific sunflower hybrids (Seiler 1994) . Root branching density of both annual and perennial derived sunflower hybrids is slightly higher than in guar% another drought-tolerant crop (Stafford and McMichael 1990) .
The fresh weight of roots observed in the present study of interspecific hybrids derived from wild perennial sunflower species was similar to those reported for interspecific hybrids derived from wild annual sunflowers (Seiler 1994) . The total root length of cultivated h y brid 894 was only 75% of that of cultivated semidwarf hybrid 471 D. but root fresh weights were similar for the two, even though they had similar percentages of their root fresh weight composed of lateral roots. This suggests that hybrid 894 had thicker roots than did hybrid 471E).
The association observed between hypocotyl length and primary root length may he useful in predicting the rooting potential of sunflower germplasm for early generation selection in a breeding program. In this study, there was a positive relationship between hypocotvl length and primary root length. Hypocotyl length was highly correlated with primary and lateral root lengths, number of lateral roots and branching density. These observations were similar to those in a study using interspecific sunflower hybrids derived from wild annual sunflower (Seiler 1994) . The high correlations indicate that predicting root growth characteristics based on hvpocotyl length is possible from limited data, and that the previousl y found association between hypocotyl growth and root characteristics was not spurious. However, the use of hypocotyl growth to predict root characteristics will need further studies to observe responses under field conditions. The correlations of primary root length with lateral root length and the number of lateral roots found in the Present Study are similar to those observed by Seiler (1994) for annual iii terspecific sunflower genotypes, and for guar, another drought-tolerant crop (Stafford and McMichael 1990) . The strong positive correlations between the root growth characteristics should be helpful in the selection of sunflower hybrids, as they indicate that selection for one trait, primary root length for example, will not he detrimental to other traits such as lateral root length and root number. Study of other h ybrids and field testing will he necessary to confirm that these relationships hold true over a wide range of hybrids and environments.
The wild interspecific sunflower hybrids derived from wild perennial species did not vary as much as expected ill root growth characteristics. While the hybrids had primary root growth patterns similar to standard hybrid 894. they generally had shorter and fewer lateral roots, significantly influencing their total root length. Nevertheless, there appears to he adequate genetic variabilit y in rooting characteristics in some interspecific sunflower h y brids such as TU B3 to permit selection for desired traits. This information will be useful to programs aimed at genetically altering rooting patterns in sunflower, determining the rooting patterns of fieldgrown plants, improving drought tolerance, and increasing the efficiency of water and nutrient use in sunflower. However, further studies on heritability and response to selection will he required before conclusions call reached concerning the likelihood of successfully breeding for root traits. Further studies will also be needed to correlate laboratory observations with response under field conditions.
